We have studied a cloud of cold metastable helium (He*) atoms interacting with near-resonant light at 1083 nm and 389 nm. The 1083 nm light allows for efficient loading of a large magneto-optical trap (MOT) and the 389 nm light is subsequently used to increase the density and reduce the temperature of the He* cloud during a brief compression stage. Cold collisions in the cloud yield ions and fast metastables which are monitored separately using calibrated microchannel plate (MCP) detectors. We thus measure absolute production rates of ions and fast metastables escaping from the MOT during the various stages of the experiment. We observe that 389 nm optical collisions, apart from Penning ionization, produce a relatively large flux of fast metastables, which we relate to the short-range behaviour of the molecular potentials involved. Furthermore, by rapidly switching between 389 nm and 1083 nm the ratio between the respective two-body loss rate constants is determined. Using these values, together with the observed time dependence of the cloud size, the temporal behaviour of the absolute ion production rate during the compression stage is well reproduced.
Introduction
Low temperatures achieved by laser cooling of atoms have simplified the physics describing interatomic collisions enormously, and laser-cooled atoms have been applied in extensive investigation of cold collisions [1] . Furthermore, evaporative cooling of laser-cooled atoms has opened the new field of Bose-condensed dilute atomic samples. In both fields, metastable noble gases form an especially interesting subgroup.
Metastable helium atoms have 19.8 eV internal energy, which not only enables singleatom detection, but also gives rise to Penning ionization: He(2 3 S 1 ) + He(2 3 S 1 ) → He + + He(1 1 S 0 ) + e − . The charged products of these collisions can easily be detected and provide an extra monitor on cold collisions. This has led to several novel techniques such as, for example, photoassociation spectroscopy based on the observation of photoassociation resonances in the Penning-ionization rate [2] when probing a cold cloud of He* atoms with 1083 nm light near the 2 3 S 1 → 2 3 P 2 transition. Another example is an experiment in which ions, produced in Penning collisions in a ballistically expanding cloud of metastable xenon atoms, were monitored to determine collisional rate constants over a wide range of ultralow temperatures [3] .
Metastable helium, which can virtually be considered stable because of its ∼8000 s lifetime [4, 5] , has been Bose condensed despite its 19.8 eV internal energy [6, 7] . The successful demonstration of quantum degeneracy in a spin-polarized sample of triplet metastable helium atoms has already led to several novel experiments exploiting the high internal energy for efficient detection e.g. ions produced in Penning-ionizing collisions are used to monitor the birth and decay of the condensate, while the metastable atoms themselves are detected when the condensate is dropped onto a microchannel plate (MCP) [8, 9] .
In these experiments, an essential role is played by laser cooling and trapping in a magnetooptical trap (MOT). A MOT provides the laboratory workspace for the study of cold collisions, and forms an important step in the experimental realization of BEC. In the case of metastable helium, the MOT is usually operated using the 2 3 S 1 → 2 3 P 2 transition at 1083 nm. In a 1083 nm MOT, however, two-body losses due to optical collisions require that the density remains low in order to trap a large number of atoms [10] . The low density is neither favourable for the study of cold collisions (for which the signal-to-noise ratio increases with density), nor is it desirable for the production of a He* BEC, where a high density and low temperature after the MOT stage are essential for efficient magnetic trapping and evaporative cooling. A recent study of a small, prototype MOT operating on the 2 3 S 1 → 3 3 P 2 transition at 389 nm [11] revealed that the cloud may be compressed substantially by the stronger laser-cooling force at 389 nm without increasing the losses. It was demonstrated that the two-body losses in the presence of 389 nm light are intrinsically smaller than in 1083 nm light at similar experimental conditions, i.e. at the same detuning from resonance and at the same saturation parameter S = I/I 0 , with I the laser intensity and I 0 the saturation intensity of the atomic transition (both the 1083 nm and the 389 nm transitions have a linewidth /2π ≈ 1.6 MHz). However, a pure 389 nm MOT has a very small loading rate. This is mainly due to the relatively large Doppler shift at 389 nm, which limits the capture velocity [11] . Therefore, a large 1083 nm He* MOT was combined with a 389 nm MOT recently, resulting in a cold, dense cloud containing a large number of He* atoms as briefly reported in [12] . This paper describes the dynamics of the compression of the He* cloud by the 389 nm light in detail. In addition, cold-collision phenomena during the compression that were hitherto unobserved are reported and explained. This paper is organized as follows. Section 2 gives some theoretical background on losses and loss rate constants. Section 3 describes the experimental setup and procedure. The results of compression by 389 nm light, as well as the cold-collision phenomena observed are presented in section 4. In section 5 the observed compression and the origin of fast metastables escaping from the MOT are discussed. Section 6 contains conclusive remarks and prospects for future experiments.
Theoretical background
A cloud of N atoms, trapped in a MOT, can be characterized by a Gaussian density distribution with central density n 0 , and an effective volume V = N/n 0 . The time dependence of N is determined by the loading of atoms into and loss of atoms from the trap, according to [1] 
where α and β are rate constants for loss processes involving one and two trapped He* atoms per event respectively and L denotes the rate at which atoms are loaded into the trap. Equation (1) has multiple applications. For instance, if all parameters but N (or L) are known, the steadystate number of atoms (or the loading rate) follows from equation (1) by setting dN/dt = 0. Alternatively, any time dependence of, for instance, the volume may readily be included, and equation (1) can then be used to describe the resulting time dependence of N. The magnitude of the losses is determined by the loss rate constants α and β, which are in turn determined by the nature of the loss process itself. The linear losses, which are proportional to α, include collisions of trapped He* atoms with background gas atoms (resulting in Penning ionization (PI) of the collisional partner, de-excitation of the He* atom or ejection of the He* atom from the trap after a glancing collision), as well as two-photon ionization of helium metastables in the presence of 389 nm light [11] . The quadratic losses, proportional to β, include trapped He*-He* collisions resulting in Penning ionization of one of the collisional partners in combination with de-excitation to the ground state of the other, exoergic fine-structure-changing collisions (FCC) leading to the escape of both He* atoms, radiative escape (RE) and two-photon ionization of the quasimolecule formed during the collision [1] . In figure 1 the processes of PI, RE and FCC are schematically depicted. Although the loss rate constant for PI collisions between unpolarized 2 3 S 1 atoms is already of the order 10 −10 cm −3 s −1 , the dominant losses are due to photoassociative collisions. During such a collision, a transition is made to a quasimolecular state with a potential, due to the resonant dipole-dipole interaction, scaling as ±C 3 /R 3 at long range. Here, R is the internuclear distance and
is the squared atomic dipole matrix element of the transition, which has a linewidth /2π (Hz), and wavelength λ. In the presence of light, red detuned by an amount (Hz), a resonant transition to such an excited state is possible at the Condon radius, R C , where the molecular energy compensates the detuning:
At the Condon radius, for not too large detuning, the Van der Waals interaction (∝ C 6 /R 6 ) between two 2 3 S atoms is small compared to the kinetic energy and has no noticeable effect on their relative motion. This contrasts the situation in the excited state, for which the interaction is strongly attractive. Therefore, after excitation the two atoms are rapidly accelerated towards small internuclear distances, where couplings exist to loss channels involving autoionization or fine-structure-changing mechanisms. Before reaching this region, however, there is a probability that the molecule decays back to the lower state by spontaneous emission. This results in two fast He* atoms which will collide, leading either to PI, or to elastic scattering, after which the atoms may have sufficient kinetic energy to escape from the trap (radiative escape).
The magnitude of β is determined by the combination of the rate at which quasimolecules are excited, the probability of decay by spontaneous emission and the strength of the coupling to loss channels. Concerning the various loss channels, the loss rate constant β may be written as the sum of sub-loss-rate constants β i , each representing a different loss channel. This is valid as long as all β i apply to the same squared density n 2 of 2 3 S helium atoms. Although prescriptions to calculate the magnitude of two-body loss rate constants exist (see, for instance, the reviews by Suominen [13] and Weiner et al [1] ), it is beyond the scope of this work to derive a theoretical value for β in a He* MOT. For the present discussion, it is sufficient to note that in general the loss rate constant increases with decreasing red detuning, until a certain value for the detuning (around ∼ −5 MHz [10] ). Beyond this detuning, the probability of decay by spontaneous emission starts to approach unity. Also the gradient and, therefore, the acceleration on the excited-state potential decreases with detuning. Consequently, the probability of reaching the short internuclear distances (in the excited state), where loss mechanisms reside, goes to zero. Finally, we note that with knowledge of the magnitudes of the β i , equation (1) can be employed to predict the production rate of the corresponding loss products.
Experiment

Setup description
3.1.1. Vacuum apparatus and laser setup. The setup used to make a 1083 nm MOT has been described in detail previously [10, 14, 15] . A liquid nitrogen cooled dc discharge source produces a bright beam of He* atoms, which is consecutively collimated, deflected and Zeeman decelerated using 1083 nm laser cooling. After exiting the Zeeman decelerator, the atoms are captured in a 1083 nm MOT consisting of light beams of ∼4 cm diameter. The MOT is situated in a vacuum chamber which contains water cooled coils producing the necessary quadrupole magnetic field, as well as two MCPs. One MCP (the He* MCP) is shielded from charged particles by a grounded grid in front of the detection surface and is positioned 18 cm below the trap centre. The second MCP (the ion MCP), mounted in the horizontal plane 5 cm away from the MOT centre, is assumed to attract all or at least a fixed fraction of the positive ions produced inside the MOT. The background pressure in the vacuum chamber is around 10 −9 mbar. The 250 mW of 1083 nm light used for laser cooling and trapping is obtained from a frequency-stabilized, Nd-doped lanthanum hexaluminate (LNA) ring laser, which has a bandwidth of 150 kHz. Acousto-optical modulators (AOMs) provide all necessary detunings, and also a means to switch the light on and off rapidly (<2 µs).
We form a 389 nm MOT, spatially overlapped with the 1083 nm MOT, by sending six individual laser beams (diameter ∼1 cm) of 389 nm light into the MOT vacuum chamber. The 389 nm light is obtained by frequency doubling a titanium:sapphire laser in an external enhancement cavity containing a lithium triborate (LBO) crystal. About 600 mW of output power is available after additional beam shaping. By suddenly ramping the high voltage on a piezo-mounted mirror, used for cavity length stabilization, the 389 nm output can be switched off within 25 µs. The 389 nm laser (bandwidth 1 MHz) is stabilized by modulation of the laser frequency (at 400 Hz, with a modulation amplitude of the fundamental frequency of 0.8 MHz) and demodulation of the saturated absorption signal, which provides the error signal for feedback. Unfortunately, some of the vacuum windows are antireflection coated only for 1083 nm, and have a transmission of 70% at 389 nm. This requires additional balancing of the individual 389 nm beam intensities which is done using neutral density filters. Eventually, we create a MOT with a total power of 200 mW at 389 nm, and an intensity corresponding to 60I 0 , with the saturation intensity I 0 = 3.3 mW cm −2 . A frequency-stabilized, extendedcavity 1083 nm diode laser with a bandwidth of about 500 kHz is used for absorption imaging.
Diagnostics.
The He* MCP is used in time-of-flight (TOF) experiments, in which a fraction of the expanding cloud is detected after it has been released from the trap. The measured TOF distribution is subsequently fitted to a Maxwell-Boltzmann distribution, which reveals the temperature of the cloud and, after calibration, the number of atoms. The fit routine takes into account the obstruction of atoms during the TOF by the coils inside the vacuum chamber. This MCP is also used to measure metastables escaping from the MOT region when the trap is on. Positive ions produced in Penning collisions are monitored by the ion MCP.
In addition, we have two charge coupled device (CCD) cameras monitoring the cloud of atoms. One is used for absorption imaging, in which the cloud is illuminated by a resonant, weak probe beam at 1083 nm for 50 µs after a variable time of free expansion. This gives information about the absolute density distribution and the temperature of the cloud. In addition, this camera is used to record the fluorescence distribution from either the 1083 nm or the 389 nm MOT. The second camera is used to observe both the 707 nm and 1083 nm fluorescence which is emitted when driving the 389 nm and 1083 nm transitions, respectively (see figure 2) . Images from this camera, which are viewed on a television screen, greatly facilitate the alignment of the 389 nm MOT with respect to the 1083 nm MOT.
When investigating inelastic collisions by detection of the loss products, knowledge of the absolute production rates is desirable. We have calibrated both MCPs in our setup in order to measure absolute He* and ion production rates. The He* MCP is calibrated on a regular basis by comparing the number of atoms according to absorption imaging with the number of atoms in the TOF. Assuming an isotropic emission of He* atoms, we can also deduce the total flux of helium metastables originating from the MOT region. The He* MCP calibration takes into account the presence of the magnetic coils, which do not geometrically obstruct atoms with velocities >2 m s −1 , but which do prevent some of the slowest atoms in the expanding cloud from reaching the MCP during their ballistic flight. This is especially important when production rates of fast metastables need to be determined.
Compared to the He* MCP, the calibration of the ion MCP is less straightforward. Often the flux of ions cannot be measured directly, and one has to rely on a quoted detection efficiency and the quoted or measured gain of the detector to determine the absolute production rate of ions (when using the MCP in current mode). This, however, is undesirable in our case as we know that the detection efficiency and/or gain of our MCP has changed over the years (aging effect). We can, however, determine the flux of ions produced in the MOT if we assume that all or at least a fixed fraction of the ions will ultimately arrive at the detector surface. The procedure is based on the fact that in the steady-state MOT the loading rate of atoms, which can be measured, compensates the loss rate. Provided one knows all loss rates, and one knows the fraction of inelastic collisions that will eventually lead to one ion, it is possible to deduce the absolute ion production rate. We derive the loading rate from the steady-state solution of equation (1) using an independently measured value for β 1083 , and neglecting the background gas collision rate, which is justified by the relatively low pressure (α βN/V ). The value for β 1083 is obtained from the decay of the MOT in a way similar to described in [10] . The absolute ion production rate, denoted by I, is in steady state given by
where ε 1083 is the fraction of inelastic collisions which lead to PI. The extra factor of two in the denominator takes into account that only one ion is produced per Penning collision in which, however, two trapped atoms are lost. The value of ε 1083 depends on the RE rate and the FCC rate, which both lead to loss (and therefore contribute to β 1083 ), but do not result in ions. During an earlier experiment in our setup, the contribution of RE and FCC to the total loss rate constant was measured to be ∼2.5% [10] . Therefore, we take ε 1083 = 0.975. Now, equating the measured ion signal to I directly yields the conversion factor needed to obtain absolute ion production rates from the ion MCP output signal. The calibration of the He* MCP is accurate within 20%, which is determined mainly by the uncertainty in the number of trapped atoms. The calibration of the ion MCP yields a conversion factor with a relative uncertainty of 43%, predominantly due to the uncertainty in the value obtained for the loading rate from equation (4) . The accuracy in determining the loading rate is itself limited mainly by the uncertainty in the number of trapped atoms.
Experimental procedure
We perform the experimental sequence as schematically depicted in table 1. For 1 s we load the 1083 nm MOT which is operated at a relatively large detuning of = −22 /2π = −35 MHz. The MOT typically contains 1 × 10 9 He* atoms at a temperature between 1.1 mK and 1.6 mK. During the last 7.5 ms of the loading, we ramp up the magnetic field gradient, ∂B/∂z, from 12 G cm −1 to 18 G cm −1 . This time corresponds to the response time of the current supply. Then, at t = 0 ms, we switch off the 1083 nm light, and switch on the 389 nm light. To simplify further analysis of the compression dynamics, the Zeeman decelerator laser is also switched off. This will not noticeably affect the number of atoms, as the loading rate of the 389 nm MOT will only marginally contribute to the already large number of atoms in the cloud. In contrast to our earlier prototype MOT [11] , we use a relatively small 389 nm detuning = −10 MHz (which corresponds to −7 ). The larger laser cooling force at 389 nm, together with the smaller detuning and the larger magnetic field gradient, results in both strong compression and temperature reduction of the cloud of atoms. The given combination of MOT parameters turns out to produce optimum results for the number of atoms, the density and the temperature after compression (see section 4.1). After the 389 nm phase, which lasts for 5-20 ms, the entire MOT is switched off for absorption imaging or TOF measurement.
Results
Compression with 389 nm light
By measuring the size of the cloud for various compression times, the dynamics of the compression are revealed. We observe that the cloud volume decreases dramatically in time, roughly following an exponential decay from an initial volume V i ≈ 0.23 cm 3 (5) and (6)), as indicated by the curve through the data points.
(axial direction) and σ ρ (radial direction), also decrease exponentially, but with differing time constants: τ z ≈ 1 ms and τ ρ ≈ 3 ms. The time evolution of the radii can thus be written as
with σ i and σ f the initial and final radii, respectively, and τ the corresponding time constant. For a Gaussian cloud, this translates into a time-varying volume Figure 3 shows both the data points and the result for V (t), using the fitted functions describing the time dependence of the radii. From the TOF measurements, we deduce a temperature after compression between 0.3 mK and 0.4 mK after compression in the 389 nm MOT with parameters as mentioned in section 3.2. We compare this with the temperature as determined from absorption imaging, for which we typically find 0.3-0.4 mK in the radial (ρ) direction, and 0.4-0.5 mK in the axial (z) direction (which corresponds to the vertical direction). Because of the position of the He* MCP relative to the MOT centre, the temperature obtained from the TOF is expected to lie close to the 'vertical' temperature of the MOT. Thus the temperature measurement from absorption imaging matches the TOF result to within 20%. Figure 4 shows the measured TOF distributions of the uncompressed cloud, and of the cloud after 1 ms and 3 ms compression. Each TOF distribution is accompanied by its corresponding fit. It can be seen that after 1 ms of compression, the velocity distribution of the atoms is already close to the thermal distribution at the final temperature. After 3 ms, the TOF distribution has reached its final shape. As shown in the inset in figure 4 , a peak of relatively fast (8-50 m s −1 ) metastables is visible in the TOF after compression, with a height depending on the (mis)alignment of the 389 nm MOT. We have no clear explanation for the occurrence of this peak, which contains 5-10% of the total number of atoms in the TOF.
The density distribution of the atoms in the cloud can be determined by absorption and fluorescence imaging. In practice, both methods have their disadvantages. Usually, the fluorescence of a steady-state MOT is imaged, as done for the 1083 nm MOT in figure 5(c) . During the 389 nm phase, the cloud is never in steady state, and we limit the 707 nm fluorescence measurement to a 1 ms period after t = 5 ms, when the cloud volume does not vary too much (see figure 5(d) ). The effect of the compression is clearly visible in the sizes of the uncompressed and compressed clouds.
Absorption imaging, on the other hand, offers a more or less instantaneous method of probing the cloud because a much shorter (50 µs) illumination period is possible in that case. Two on-resonance absorption images, one of the 1083 nm MOT, and the other of the MOT after ∼5 ms compression at 389 nm, are depicted in figures 5(a) and (b). The images were taken after 1 ms of ballistic expansion. Both images show close to 100% absorption in the centre of the MOT, which makes it difficult to extract an accurate value of the size of the cloud. Comparing the sizes of the cloud with the fluorescence images reveals that the compressed cloud expands relatively quickly. Unfortunately, the magnetic fields used in the compressed-MOT experiment give rise to eddy currents which persist for more than 1 ms. The resulting magnetic fields cause the levels of the atoms in the cloud to be Zeeman shifted, reducing the absorption and complicating the determination of the density distribution from the absorption images. Indeed, the extracted number of atoms increases by a factor of two when extending the expansion time to 4 ms. On the other hand, letting the cloud expand for such an extended time will rapidly wash out the original shape of the cloud, since the light helium atoms move at relatively high velocities, even at 0.3 mK. We therefore take the number of atoms as measured after 4 ms of expansion, and the volume as derived from the image taken after 1 ms expansion. The cloud size found from the fluorescence image agrees with the size in the trap according to the absorption images to within 30%, which is also the relative error in the volume determination. Both fluorescence and absorption images indicate a Gaussian density distribution. The volume reduction strongly increases the density in the cloud. However, the results from absorption imaging indicate that the central density in the cloud after compression is independent of the number of atoms. For N between 4 × 10 8 and 8 × 10 8 , we find a central density of 4-5×10 10 cm −3 . This suggests that radiation trapping forces are at work and limit the density. Indeed, the volume of the fully compressed cloud is almost two orders of magnitude larger than one would calculate from the spring constants of our 389 nm compressed MOT [16] , neglecting effects of radiation trapping. However, also in this respect 389 nm light is advantageous over 1083 nm light: the resonant absorption cross section for 389 nm is almost eight times smaller than for 1083 nm light, whereas the radiative pressure at 389 nm is only 2.7 times larger. Therefore, for similar saturation parameters, the outward radiation trapping force in the cloud is smaller at 389 nm than at 1083 nm. The overall transfer efficiency is between 40% and 70% and depends on the alignment of the 389 nm MOT with respect to the 1083 nm MOT.
In view of the experimental road to BEC of metastable helium, the combination of achieved high density and low temperature is quite interesting. In BEC experiments [6, 7] , the He* MOT cloud is cooled down by 1083 nm optical molasses to temperatures of 0.3-0.4 mK. This is necessary to reduce the temperature sufficiently below the depth of the magnetic trap, which subsequently recaptures the cloud for further rf-forced evaporation. Obviously, a 389 nm compressed cloud is cold enough to be recaptured as well. The resulting phase-space density, n 0 3 , with the thermal De Broglie wavelength, may serve as a figure of merit for the compression stage. In a previous experiment conducted in our apparatus, a phase-space density of at most 3 × 10 −7 was achieved using 1083 nm laser cooling only [17] . This should be compared to the 4 × 10 −6 phase-space density achieved using 389 nm compression-an . Absolute ion production rate during 389 nm compression, starting at t = 0 ms. The solid line is the prediction for the ion production rate as given by equation (8), which is obtained using the fitted time behaviour of the volume depicted in figure 3 and the experimentally determined values for β PI,389 and β FCC,389 (see section 5.1). At t = 20 ms, the 389 nm MOT is switched off completely, causing the signal to drop to zero. Table 2 . Comparison of results achieved using a 1083 nm MOT only, a 1083 nm MOT followed by 1083 nm molasses and a 1083 nm MOT followed by compression in a 389 nm MOT. The temperature result after 1083 nm molasses, obtained earlier in the same setup, is taken from [17] . a Not a thermal distribution [17] .
improvement by more than one order of magnitude. Table 2 gives an overview of the results of the various methods of laser cooling.
Observation of losses 4.2.1. Penning ionization.
During the experiment the production of ions is measured in real time using the ion MCP. The ion signal contains noise due to fluctuations in the 389 nm power and frequency, therefore, an average of about ten samples is taken. This results in reproducible data as shown in figure 6 . During the 1083 nm phase, the predominant source of ions is Penning collisions between trapped He* atoms, as discussed in section 3.1.2. In this case, the ion signal is proportional to the product of central density and total atom number (equation (1)). When the magnetic field gradient is ramped up around 7.5 ms before t = 0, this leads to a density increase and, thus, to a rise in the ion signal. One can estimate that the increased losses result in a small reduction of the total number of atoms of ∼ 2%. At t = 0 ms, the atoms suddenly experience losses proportional to the 389 nm loss rate constant. As a result, the ion signal drops by about a factor of two immediately after t = 0 ms. Since the density does not vary during the switching, the signal decrease reflects the ratio between ionization loss rates in 1083 nm and 389 nm light. Even though the 389 nm light has a relatively small red detuning, equation (3) predicts a smaller value for R C at 389 nm than at 1083 nm. This is mainly because of the large wavelength difference, which enters equation ( Figure 7 . (a) Absolute ion production rate during 389 nm compression, starting at t = 0 ms, and ending at t = 8 ms, when the 1083 nm light is switched on again. The sudden rise in ionization signal is used to determine the two-body loss rate constant β 389 . (b) Absolute fast He* production rate, measured simultaneously with the ion signal depicted in (a). In contrast to the ion production rate, the fast He* production rate drops when switching from 389 nm to 1083 nm.
linearly. Therefore, one indeed expects a smaller value for the two-body loss rate constant at 389 nm, β 389 .
When the compression sets in, the density increases rapidly, leading to a steep rise in the ion production rate. In fact, the density increases at a much higher rate than the rate of atom loss (the loading stopped at t = 0 ms), until the cloud attains its final volume and the highest density is reached. This moment roughly corresponds to the peak in the ion signal around t = 5-6 ms. We have checked that the ion MCP output varies linearly with the detection rate during all stages of the experiment. After the density has reached its maximum value, the overall loss of atoms takes over, and the ion signal begins to decay. In section 5.1, we present a quantitative analysis of the ion signal shown in figure 6 .
Another measurement of the ion production rate during compression is shown in figure 7(a) . However, now the 389 nm is switched off at t = 8 ms, and the 1083 nm light is switched on again, resulting in a nearly instantaneous increase in the ion production rate. This part of the signal is used to determine the ratio of loss rate constants in 1083 nm and 389 nm light, as described in section 4.2.3.
Fast metastables.
The signal of the He* MCP contains evidence of metastables which are fast enough to escape the 389 nm MOT. Figure 7 (b) shows this signal (ten averages), which was recorded simultaneously with the ion signal in figure 7(a) . As discussed in section 2, two sources of relatively fast He* atoms are RE and FCC. However, during the 1083 nm MOT stage another (artificial) source of fast metastables is present. Depending on the alignment of the 1083 nm MOT laser beams, some of the atoms from the Zeeman decelerator are not captured by the MOT, but only deflected towards the He* MCP, producing a more or less constant and relatively large signal. When the magnetic field gradient is ramped up (starting from t = −7.5 ms), the capture or the deflection of He* atoms from the slow atom beam is affected, and the He* signal decreases, as visible in figure 7(b) . Of course, during this period the signal also contains a contribution from He* atoms resulting from RE or FCC. Since the Zeeman decelerator is switched off during the 389 nm phase, the artificial He* signal disappears shortly after t = 0 ms. A similar effect is seen in the TOF distribution of the 1083 nm MOT just after the MOT and the loading have been switched off simultaneously (see inset in figure 4) .
Similar to the ion signal, the signal recorded by the He* MCP for t > 0 ms reflects the dynamics during compression. This is remarkable, since the helium metastables are not accelerated towards the MCP like the ions, and the time it takes to reach the detector should show up as a delay in the signal when switching on or off the source of He* metastables that escape from the MOT region. After switching to 389 nm, we observe a change in the He* signal within 1 ms. After that, the rate of detected He* atoms behaves quite similar to that of the ions. The 1 ms long onset is most probably due to the 0.8 ms time constant of the amplifier used for the MCP signal and the finite opening time of the shutter in the 389 nm beam line. If we interpret this 1 ms as a time of flight, a lower bound for the atomic velocity of 180 m s −1 is found. A more stringent lower bound of v = 325 m s −1 for at least 85% of the atoms is found in a similar way by switching off the 389 nm light within 25 µs. This, together with the observation that the He* signal varies with density similar to the ion detection rate, indicates that the origin of these fast metastables must lie in cold, photoassociative collisions. As found experimentally by Herschbach et al, fast metastables may result either from RE, or from FCC in the presence of red detuned, near-resonant 1083 nm light [2, 15] . The former of the two processes, however, can produce He* atoms only with velocities between 10 and 100 m s −1 for both the 1083 nm and the 389 nm cases. As will be discussed in section 5.2, fine-structure-changing collisions produce much faster metastables. Therefore, we attribute at least 85% of the fast helium metastables to fine-structure-changing collisions. The small bandwidth of the detection electronics, however, did not allow for retrieving the exact velocity distribution of the fast atoms.
In the 389 nm case, RE may lead to a small fraction of He* atoms faster than 100 m s −1 , as the excited molecular state only has about 10% probability to decay via a 2 3 S + 3 3 S molecular state to the 2 3 S + 2 3 P molecular complex. The first step of this decay is likely to occur close to the 389 nm excitation radius, R C,389 , assuming a downward transition in accordance with the Franck-Condon principle. The (already accelerated) atoms now find themselves on a 2 3 S + 3 3 S potential, which has no resonant dipole-dipole interaction, and has a lifetime <37 ns. However, even when the two colliding He* atoms are approaching each other with a velocity as low as 5 m/s, this lifetime is long enough to travel thousands of a 0 (a 0 is the Bohr radius), which exceeds R C,389 (∼500 a 0 for −10 MHz detuning) by far. Thus, the atoms may already have separated before the next step (decay to the 2 3 S + 2 3 P complex) occurs. Only if the two atoms are separated by less than R C,389 when decaying to the 2 3 S + 2 3 P complex, the comparatively large dipole-dipole attraction in that state may accelerate the two atoms to velocities exceeding 300 m s −1 before decaying into two 2 3 S 1 atoms. However, although this mechanism explains the observation of fast atoms, it fails to explain the observed large abundance of atoms faster than 325 m s −1 . Another surprising feature seen in figure 7(b) is the rise in the He* signal after switching to 389 nm, which contrasts the decrease in the ion signal at t = 0. Relative to the ion production rate, the He* production rate is much larger in the 389 nm case than in the 1083 nm case. We can compare the absolute rates of collisions leading to ion and He* production, by comparing the peak heights of the signals in figures 7(a) and (b). Here, we note that the loss of two trapped metastables via a Penning collision produces only one ion, whereas the loss of two trapped metastables in a FCC produces two fast metastables. This requires the inclusion of a factor of two when converting between the absolute ion production rate and the absolute rate for PI collisions. Concerning the collisions which produce fast metastables, one should bear in mind that conservation of momentum leads to fast metastables flying apart in opposite directions. This implies that for every detected fast He* atom, its counterpart formed during the same collision remains undetected. This results in a factor of two that should be taken into account for the conversion to fast He* losses as well. Furthermore, it is also possible that a collision results in an atom pair consisting of one helium atom in a long-lived metastable state, and one in a short-lived state (e.g. one in the 2 3 S 1 state, and one in the 2 1 P 1 state); the atom in the short-lived state will then decay to the 1 1 S 0 ground state before it reaches the MCP and remains undetected. In the extreme case in which all FCC collisions result in such atom pair combinations, an additional factor of two should be taken into account. In the following, we will assume the production of long-lived atomic states only, which anticipates the hypothesis explaining the origin of the fast metastables given in section 5.2.
We find a ratio of losses due to PI and FCC of β 389,PI /β 389,FCC = 3.1(1.6), with the largest contribution to the uncertainty coming from the calibrations of the He* and ion fluxes. Using the relation
with β 389,PI ≡ ε 389 β 389 and β 389,FCC ≡ (1 − ε 389 )β 389 , we find ε 389 = 0.75(10), whereas ε 1083 = 0.975 for the 1083 nm case. In section 5.2, we present a hypothesis which roughly explains the magnitude of both ε 1083 and ε 389 .
Loss rate constants.
A sudden change from 1083 nm to 389 nm or vice versa allows for the comparison of instantaneous loss rates in the presence of either wavelength, provided that the density and total number of atoms in the cloud remain unchanged. Then, with knowledge of the branching ratio between the loss channels (resulting in ions or fast metastables), the corresponding loss rate constants can be deduced. The ion production rate, depicted in figure 7(a), shows a steep rise at t = 8 ms when the light is switched from 389 nm to 1083 nm. The time scale on which this rise occurs is limited by the 40 µs time constant of the electronics. We neglect effects of cloud expansion during this period, and assume the number of atoms to remain constant, which is justified in view of the magnitude of other contributions to the relative error in the final result. From the jump in ion signal seen in figure 7(a) , we deduce β 389,PI = 2.2(5) × 10 −9 cm 3 s −1
, using an independently measured value for β 1083 (β 1083 = 6.5(1.1) × 10 −9 cm 3 s −1 ), multiplied by 0.975 to correct for the PI branching ratio. We also correct for the relatively small amount of two-photon ionization. To this end, we use the two-photon ionization rate constant obtained by extrapolation of data from [11] , to match the circumstances in the 389 nm MOT presently discussed. Using the result, α 2ph = 1 s −1 , we find that the two-photon contribution to the total ion production rate always remains smaller than 10 9 s −1 . Using β 389,PI /β 389,FCC = 3.1(1.6), the loss rate constant for fast metastables production is found to be β 389,FCC = 7(4) × 10 −10 cm 3 s −1
. The total loss rate constant in the compressed 389 nm MOT, with S = 60 and = −10 MHz, is the sum of β 389,PI and β 389,FCC (equation (7)), and we find β 389 = 2.9(6) × 10 −9 cm 3 /s.
Making use of β 1083,PI and equation (1), the signal heights in figure 7 (a) just before t = 0 ms and just after t = 8 ms can be translated into the product of central density and number of atoms. The result at t = 0 ms is in agreement with that obtained by absorption imaging. The t = 8 ms result, however, is nearly a factor of two higher, which might be explained by a larger remaining number of atoms (at most 8 × 10 8 at a central density of 5 × 10 10 cm −3 ) or a higher density ( just below 1 × 10 11 cm −3 at 4 × 10 8 remaining atoms).
Discussion
Compression dynamics
A qualitative explanation of the behaviour of the ion production rate during 389 nm compression was given in section 4.2.1. With knowledge of all the relevant loss rate constants, and with the approximate time dependence of the cloud volume as prescribed by equations (5) and (6), we can numerically solve equation (1) for N(t) and N (t) ≡ dN/dt. Using equation (1) we write the total ion production rate, I (t), as
which is represented by the solid curve in figure 6 . To match the theoretical curve to the data points, the data points were scaled up vertically by 14%, which lies well within the accuracy of the calibration. The agreement between the theoretical prediction and the experiment is quite good for t between 0 ms and 10 ms. This forms an indication of the reliability of the described methods to calibrate the ion flux and to determine the loss rate constant β 389 , which depend on each other only via the independently measured value for β 1083 . The decay of the MOT after t = 10 ms, however, is less accurately predicted, which may be explained by the fact that we do not have information on the cloud volume for t > 11 ms. It is illustrative to inspect the solution of equation (1) with respect to N(t) and n 0 (t), which is plotted in figure 8 . It turns out that the continuous solution of the rate equation predicts a substantially larger number of atoms in the trap than found from absorption imaging with 1083 nm light ( figure 8(a) ). Consequently, the predicted density exceeds the results from absorption imaging (figure 8(b)) as well: it rises to a maximum value of 7 × 10 10 cm −3 , which is 40% larger than the largest values (∼ 5 × 10 10 cm −3 ) we deduced from absorption imaging. Also, we find that the maximum density is reached already after 5 ms to 6 ms, whereas the model predicts a maximum around 8 ms. A possible explanation for this discrepancy may be that we underestimate the number of atoms in the cloud, for reasons discussed in section 4.1. Nevertheless, the continuous solution of equation (1) provides an upper limit to the net transfer efficiency of about 70-80%, only limited by the losses in the cloud.
Origin of fast metastables
As mentioned in section 4.2.2, fast metastables escaping the 1083 nm MOT were previously observed by Herschbach et al [15] , who used a fast He* detector with a response time of a few µs. These atoms produced a continuous signal on the He* MCP which decreased abruptly by 76%, with a small delay, after the 1083 nm light was switched off. The remaining 24% of the detected fast He* atoms was attributed to RE. The delay, which was interpreted as a time of flight of the fast metastables to the detector and the steepness of the drop of the He* signal, indicated a very narrow velocity distribution around v = 2.9(2) × 10 3 m s −1 . The corresponding kinetic energy matches precisely the 0.3483 eV energy difference between the 2 3 S + 2 3 P and the 2 1 S + 2 3 S asymptotes. Therefore it was concluded that FCC, coupling (1), obtained using experimentally determined parameters. The data points are obtained by absorption imaging with 1083 nm light. the 2 3 S + 2 3 P entrance channel to a 2 1 S + 2 3 S exit channel, are responsible for 76% of the fast metastables observed from the 1083 nm MOT. However, the exact nature of the fine-structure-changing mechanism remained unexplained.
Information on the relevant molecular states at short internuclear range can be found in the paper by Müller et al [18] , where ab initio molecular potential energy curves of some doublyexcited dimer states of helium are presented. We have used this data to plot the potential energy curves shown in figure 9 . Figure 9 shows that a coupling exists between the 2 3 + g state (connecting to the 2 3 S + 2 3 P asymptote) and the 1 3 + g state (connecting to the 2 1 S + 2 3 S asymptote), resulting in an avoided crossing near 9.7 a 0 . This coupling is responsible for the FCC collisions observed by Herschbach [15] , as can be seen as follows. In photoassociative collisions in the presence of 1083 nm light, 2 3 S + 2 3 P molecular states are excited at long range. It can be shown that a considerable fraction of those excited states connect to the 2 3 + g state at short internuclear distance ( figure 9 ); see for instance [19] . After excitation, the two accelerating nuclei of the quasimolecule transit the avoided-crossing region on their way in during the collision, such that a Landau-Zener transition to the 1 3 + g state can occur with probability P LZ , given by
Defining the point where the diabatic (noninteracting) curves intersect as the crossing point, here V is half the energy separation between the two curves at the crossing point. are the radial derivatives of the two diabatic curves at the crossing point, and v is the classical velocity of a particle with mass equal to the reduced mass of the 2 3 S + 2 3 P complex, after it has travelled down the potential to the avoided crossing. From the potential energy data given by Müller et al it is straightforward to calculate that P LZ = 0.65, neglecting the initial kinetic energy of the two He* atoms. The presence of a second avoided crossing at 7 a 0 , between the 2 3 + g and the 3 3 + g states, is neglected as the transition probability is estimated to be two orders of magnitude smaller than the first one.
After the Landau-Zener transition has (or has not) occurred, there is a large probability P PI > 0.9 of PI at even shorter distances [18] . If PI does not occur, the nuclei will reverse their relative motion and transit the avoided crossing again, this time with a probability to stay in the 1 3 + g state of (1 − P LZ ). Similarly, when no Landau-Zener transition is made on the way in, PI can occur in the 2 3 + g state as well. The probability of PI for this state is not given by Müller et al; however, we will assume it to be larger than or equal to 0.9 as well. If the quasimolecule is not Penning ionized, it may undergo a transition to the 1 3 + g state on its way out. Therefore, the total probability, P FCC , that the molecular state will dissociate into two fast metastables on the 2 1 S + 2 3 S asymptote becomes
Apparently, the PI process quenches the production of fast metastables. The FCC losses resulting from the above mechanism contribute to the total losses. To calculate the relative strength of this loss channel, P FCC should be multiplied by the relative excitation rate of long-range 2 3 S + 2 3 P molecular states connecting to the 2 3 + g state. Since not all 2 3 S + 2 3 P states, excited by the 1083 nm light, connect to the 2 3 + g state, the net probability of loss due to FCC after excitation by 1083 nm light will be smaller than P FCC . Therefore, the above mechanism can explain the experimentally observed value for the contribution of FCC to the total losses, which equals 0.76(1 − ε 1083 ) = 0.019.
In the case of 389 nm, a similar mechanism is probably responsible for the observed fast metastables. To explain the relatively large amount of fast metastables in this case, we propose the existence of avoided crossings between potential energy curves connecting to 'triplet + triplet' 2 3 S + n 3 L (n = 2, 3 and L = S, P) energy asymptotes. In contrast to the triplet + singlet molecular states, which can have a total molecular multiplicity of three only, triplet + triplet combinations can possess a total multiplicity of one (singlet) or five (quintet) as well. All energy asymptotes of the helium dimer lying between the 2 3 S + 2 3 S and the 2 3 S + 3 3 P asymptotes are shown in figure 10 . An avoided crossing between two quintet molecular states could provide a mechanism for FCC which is not quenched, since PI in a quintet potential is highly forbidden [18] . In that case, the probability of FCC may take on a value between 0.2 and 0.5 for Landau-Zener transition probabilities between 0.11 and 0.89, and may thus be one order of magnitude larger than for the 1083 nm case. This is in agreement with our observations: the relative production rate of fast metastables in the 389 nm case exceeds that in the 1083 nm case by one order of magnitude. A 5 state connecting to the 2 3 S + 3 3 S asymptote seems to be the primary candidate for having an avoided crossing with the 5 state which connects to the 2 3 S + 3 3 P entrance state, since they lie energetically close to each other (figure 10). The energy separation between these two asymptotes is 0.289 eV, which corresponds to the total kinetic energy of two helium atoms with a lab-frame velocity of 2628 m s −1
. It is likely that most of the fast metastables produced in the 389 nm MOT are due to this mechanism. Of course, the atom in the 3 3 S state will decay in two steps to the 2 3 S state before it reaches the detector; however, the two associated photon recoils will have a negligible effect on its velocity. The above hypothesis also implies that most of the fast He* atom pairs are long-lived triplet-triplet combinations. For this reason, the production of only long-lived atomic states was assumed when converting between the He* detection rate and the He* production rate (section 4.2.2).
Conclusions and outlook
The combination of laser cooling at 1083 nm and 389 nm has been shown to be a powerful tool for increasing the density of a magneto-optically confined cloud of metastable helium atoms. The compression relies on the intrinsically larger force exerted by the 389 nm light, in combination with a small detuning and an increased magnetic field gradient. The relatively small two-body losses (even at the small detuning used) in the 389 nm MOT allow for densities up to 5 × 10 10 cm −3 , meanwhile retaining 40-70% of the initial number of atoms. We also conclude that 389 nm laser cooling is superior to 1083 nm laser cooling in every aspect of the compression. Together with the achieved low temperatures, the experimental scheme presented here has resulted in an improvement in phase-space density by one order of magnitude, as compared to previous 1083 nm laser cooling and trapping experiments. With the (yet unexplored) option to vary both the detuning and the magnetic field gradient during the compression, even higher densities and/or lower temperatures may become feasible. Modematched transfer of the cold, dense cloud to a magnetic trap would improve the starting conditions for evaporative cooling considerably. This may result in faster evaporative cooling and, therefore, in larger ultracold clouds and Bose-Einstein condensates of metastable helium.
Exploiting the metastable energy of the helium atoms, we were able to measure absolute production rates of ions and fast metastables produced in two-body collisions. We analysed the branching ratio between the different loss channels in optical collisions for both 1083 nm and 389 nm. Together with the measured time dependence of the volume of the cloud, the general loss rate equation can be solved to reproduce the ion signal measured during the compression phase.
Furthermore, we found that the production rates for ions and fast metastables in the presence of 389 nm light are of the same order of magnitude. This contrasts the 1083 nm situation, where the ion production dominates the fast He* production by almost two orders of magnitude. In the latter case, we have identified the mechanism that produced the fast metastables (due to FCC) observed earlier by Herschbach [15] and which also explains the relative weakness of FCC compared to PI. In addition, we have proposed a mechanism which explains the production of a relatively large number of fast metastables by FCC in 389 nm optical collisions. However, further research will be required to verify the hypothesis. This requires a simple experimental scheme to determine the kinetic energy spectrum of the fast metastables: a 389 nm probe beam, to be switched off rapidly on a µs timescale by an AOM and a fast amplification stage after the He* detection would be sufficient to take the necessary TOF measurements.
Finally, we note that if the presented hypothesis is correct, the observation of fast metastables escaping from the 389 nm MOT forms the first evidence that Penning ionization is also suppressed (by at least one order of magnitude) in collisions between spin-polarized 2 3 S and excited-state helium atoms.
